The triplet and singlet states of the ketenylidene ͑CCO͒ radical are investigated using fast radical beam photofragment translational spectroscopy, in which CCO is generated by laser photodetachment of CCO Ϫ and subsequently photodissociated, and anion photoelectron spectroscopy. In the photodissociation experiment, two bands in which the upper state of CCO predissociates are studied. Photodissociation from excitation of the Ã 3 ⌸ -X 3 ⌺ Ϫ band in CCO is observed from 16 666-23 529 cm
I. INTRODUCTION
The ketenylidene ͑CCO͒ radical is an important reaction intermediate in interstellar cloud formation [1] [2] [3] and hydrocarbon combustion. [4] [5] [6] There is also growing interest in metal ketenylidene ͑CCO͒ complexes which can facilitate C-O, C-C, and C-H bond formation and cleavage in organometallic chemistry. 7 Two unresolved issues are addressed in this article. First, large uncertainties have existed in the heat of formation of CCO, hindering our understanding of these fundamental reaction mechanisms. Secondly, although many reactions are believed to proceed via singlet CCO species, a lack of spectroscopic information on the singlet states of CCO has prevented the identification of any singlet CCO radicals. In this paper, we address these two issues using a combination of photofragment translational spectroscopy and photoelectron spectroscopy.
The CCO radical was first identified spectroscopically by Jacox et al. 8 Its infrared spectrum was observed in a matrix isolation experiment and the CCO ground state was tentatively assigned to be a 3 ⌺ Ϫ state. In addition, an unstructured absorption was seen near 500 nm which was attributed to CCO photodissociation, an interpretation supported by the depletion of the CCO absorption when the matrix was irradiated at that wavelength. The gas-phase absorption spectrum of CCO was subsequently recorded by Devillers and Ramsay. 9 They observed a rotationally resolved band with origin at 11 651 cm Ϫ1 and assigned it to the Ã 3 ⌸ -X 3 ⌺ Ϫ transition, obtaining spectroscopic constants for both states. Laser induced fluorescence ͑LIF͒, 10 microwave, 11 and near IR ͑infrared͒ spectroscopy [12] [13] [14] [15] [16] were used to further establish the vibrational frequencies and spectroscopic constants for the X 3 ⌺ Ϫ and the Ã 3 ⌸ states. The photoelectron spectrum of CCO Ϫ was first taken by Oakes et al. 17 and the electron affinity of CCO was determined as 1.848Ϯ0.003 eV. A more recent photoelectron spectrum by Zengin et al. 18 showed the electron affinity to be 2.29Ϯ0.02 eV; the earlier value was attributed to vibrational hot bands.
CCO is known to have several low-lying singlet states in addition to the Ã 3 ⌸ state. Walch 19 used polarizationconfiguration-interaction ͑POL-CI͒ with generalized valence bond ͑GVB͒ theory to characterize the triplet and singlet states. Chabalowski et al. 20 also performed calculations at the multireference double-excitation ͑MRCI͒ method. According to these studies, the molecular orbital configuration (6) 2 (1) 4 (7) 2 (2) 2 leads to the X 3 ⌺ Ϫ , ã 1 ⌬, and b 1 ⌺ ϩ states, and the Ã 3 ⌸ and c 1 ⌸ states are derived from the¯ (6) 2 (1) 4 (7) 1 (2) 3 configuration. The energy ordering of the five electronic states is shown in Fig. 1 18 the higher lying c 1 ⌸ state was apparently too high in energy to be seen at their highest photodetachment energy, 4.66 eV.
The heat of formation of CCO has been determined in several ways. The apparent photodissociation at 500 nm seen by Jacox et al. 8 places a lower limit of 3.7 eV on its heat of formation. Becker and Bayes 4,5 observed CO chemiluminescence from the OϩCCO reaction; based on this, along with the observation of Jacox, they deduced the CCO heat of formation to be 4.0Ϯ0.2 eV. Both of these values are at variance with the 1985 ''literature value'' 21 of 2.9Ϯ0.7 eV, obtained from the decomposition rate of C 3 O 2 . 22 However, the earlier values are in good agreement with recent values from ab initio calculation ͑3.86 eV͒ 19 and combined electron affinity and gas phase acidity measurements 18, 23 (4.0 Ϯ0.2 eV). In this paper, we confirm and further refine the higher value for the CCO heat of formation.
Although experiment and theory have established the existence of low-lying singlet states in CCO, no optical transitions between these states have been observed. The absence of a spectroscopic probe for singlet CCO species has hindered verification of proposed reaction mechanisms in combustion, interstellar clouds, and photolysis of C 3 O 2 . For example, the ground states of C 3 O 2 and CO molecules are 1 ⌺ ϩ states, so the formation of triplet CCO from the photolysis of C 3 O 2 24-32 is spin-forbidden. Triplet CCO radicals are not observed under collisionless photolysis conditions, but are seen in the presence of collisions, presumably due to collisional quenching of singlet CCO. 10, 27, 29 In this paper, we investigate the photodissociation spectroscopy and dynamics of triplet and singlet CCO using our fast radical beam photofragment translational spectrometer. In this experiment, CCO is generated by photodetachment of CCO Ϫ and subsequently photodissociated. In all prior investigations of this type, care was taken to photodetach the ions at sufficiently low energy so that only ground-state radicals would be produced. This scheme is used to generate CCO X 3 ⌺ Ϫ and we observe dissociation from upper state excited vibrational levels of the
In addition, we demonstrate that we can generate the CCO ã 1 ⌬ state by photodetachment at higher energy, and thus identify the c 1 ⌸Ϫã 1 ⌬ transition for the first time. This work on the singlet state is aided considerably by photoelectron spectroscopy of CCO Ϫ at a higher photon energy than that used by Zengin et al., 18 enabling us to determine the approximate location of the c 1 ⌸ state prior to performing the photodissociation experiments.
II. EXPERIMENT
Two different instruments, a negative ion photoelectron spectrometer and a fast radical beam photofragment translational spectrometer, are used for this study. In both, the CCO Ϫ anion is produced by electrical discharge of C 3 O 2 molecules. C 3 O 2 is synthesized by the dehydration of malonic acid with phosphorus pentoxide, as described by Brauer. 33 Ne gas ͑40 psi͒ flows over C 3 O 2 which is kept in a glass bubbler cooled in a acetone/dry ice bath. The resultant mixture supersonically expands through a pulsed valve and electrical discharge 34 into the source region of the apparatus. A pulsed electrical discharge (Ϫ700 V) forms CCO Ϫ anions; the discharge occurs in the beginning of supersonic expansion and the CCO Ϫ anions are made and cooled to 20-50 K.
A detailed description of the photoelectron spectrometer is given elsewhere. 35, 36 Briefly, negative ions generated in the ion source are injected into a time-of-flight mass spectrometer using a pulsed electric field. The ions separate in time and space according to their mass-to-charge ratio and are detected with a microchannel plate detector. The ion of interest is selectively photodetached using the fifth harmonic ͑5.822 eV͒ of a pulsed Nd:YAG laser. After detachment the kinetic energy of the electrons is determined by time-offlight analysis, as described by Xu et al. 36 The instrumental resolution is 8 meV at 0.65 eV and degrades as (eKE) 3/2 . CCO photodissociation was studied using the fast radical beam photofragment spectrometer shown in Fig. 2 . The experimental apparatus has been described in detail previously. 37, 38 Negative ions formed in the source region are accelerated to 6 keV and separated temporally by a time-offlight ͑TOF͒ mass spectrometer. The CCO Ϫ ion packet is intersected by an excimer pumped pulsed dye laser beam, These photofragments are detected by microchannel plates. The high center-of-mass kinetic energy ͑6 keV͒ allows the fragment to be detected with high efficiency (ϳ50%). The overall experiment is summarized as
Two types of experiment are performed. The photofragment yield ͑PFY͒ spectrum is obtained by collecting the total flux of fragments as a function of the photodissociation laser wavelength. We also probe the photodissociation dynamics by detecting both fragments in coincidence from a single parent CCO at a fixed photon energy for photodissociation. Using a time-and position-sensitive ͑TPS͒ wedge-and-strip anode detector 37 to measure the separation between the fragments and the interval between their arrival times, we obtain the kinetic-energy release and scattering angle for each dissociation event. From this the translational energy distribution P(E T ) is determined. Because of the low translational energy release for this system, a very limited range of scattering angles is probed in this experiment, so angular distributions are not reported.
III. RESULTS
In this section, the experimental results are summarized, followed by ab initio calculations on the CCO radical. Specifically, the photoelectron spectrum of CCO Ϫ at 5.822 eV is presented. The PFY spectra of CCO radicals are shown for the Ã 3 ⌸ -X 3 ⌺ Ϫ and the c 1 ⌸Ϫã 1 ⌬ bands. Finally, translational energy distributions P(E T ) are presented for selected
A. Photoelectron spectrum of CCO ؊ anion
The photoelectron spectrum of CCO Ϫ taken at 5.822 eV ͑213 nm͒ is shown in Fig. 3 . The absolute peak positions and assignments are located in Table I . The spectrum consists of a series vibrationally resolved bands corresponding to transitions to several neutral electronic states. We observe all of the peaks reported by Zengin et al. 18 except for the ã 1 ⌬ ͑200͒ transition. In addition we see peaks labeled K, L, and M that were not observed previously. Peak K is assigned as the transition to the Ã 3 ⌸ ͑003͒ state. Peaks L and M are too high in energy to correspond to a vibrational transition within the Ã 3 ⌸ manifold, so we assign L and M to the origin and the ͑001͒ vibrational level of the c 1 ⌸ state, respectively. Note that the Ã 3 ⌸ and c 1 ⌸ neutral states result from detachment of an electron from the 2 anion orbital and should therefore have the same photoelectron angular distribution. This is confirmed by photoelectron spectra taken at other laser polarization angles ͑not shown͒. From these assignments, the adiabatic electron affinity of CCO is with 5.5-2.8 cm Ϫ1 ͑0.1 nm͒ steps. Although the signal is weak, several sharp features are observed that are assigned to transitions to excited vibrational levels of the Ã 3 ⌸ state ͑see Sec. IV A͒ that lie above the bond dissociation energy. The signal is weak because of poor Franck-Condon factors combined with low translational energy release ͑see Sec. IV B͒; the latter effect reduces our photofragment collection efficiency. Note that no dissociation is observed until well above the Ã 3 ⌸ -X 3 ⌺ Ϫ origin at 11 651 cm Ϫ1 , 9 because the lower vibrational levels are bound. Also, we do observe dissociation around 500 nm, a result consistent with the interpretation of the matrix experiments put forth by Jacox et al. 8 The PFY spectrum obtained from CCO (ã 1 ⌬) is shown Fig. 5 . Based on the photoelectron spectrum in Fig. 3 , the origin of the c 1 ⌸ -ã 1 ⌬ band should occur at 17 115 Ϯ140 cm
Ϫ1
. The main part of Fig. 5 shows spectra taken from 17 080-17,220 cm Ϫ1 at 0.1 nm͑ϳ3 cm
͒ resolution. The dotted line shows data using detach ϭ23 070 cm Ϫ1 and the solid line shows data using detach ϭ24 210 cm
. The large peak seen at 17 170 cm Ϫ1 in the spectrum taken at the higher detachment energy is assigned to the c 1 ⌸ -ã 1 ⌬ origin. The inset in Fig. 5 shows a finer scan with 0.005 nm (ϳ0.15 cm
) steps and shows partially resolved rotational structure. No further structure is resolved using an etalon, with which the resolution of the laser is 0.04 cm
. Based on our term value for the ã 1 ⌬ state, 0.653Ϯ0.017 eV, the term value for the c 1 ⌸ state is 2.782Ϯ0.017 eV.
C. Translational energy distribution of photofragments
Translational energy distributions P(E T ) were obtained at selected peaks in the Ã 3 ⌸ -X 3 ⌺ Ϫ and c 1 ⌸ -ã 1 ⌬ absorption bands. Figure 6 shows the P(E T ) distribution obtained at 19 660 cm Ϫ1 ͑2.44 eV͒, the strongest peak in the
The distribution is binned in steps of 10 meV. The photofragment mass spectrum in the inset of Fig.  6 shows peaks at mass 12 and 28, corresponding to CϩCO. The P(E T ) distribution consists of a sharp peak centered around 0.15 eV with an abrupt drop in intensity toward higher translational energy. The maximum kinetic energy at which signal is seen is 0.20Ϯ0.02 eV. Figure 7 shows the P(E T ) distribution obtained from excitation of the c 1 ⌸ -ã 1 ⌬ band at 17 170 cm
Ϫ1
, marked with an * in Fig. 5 . The same photofragment mass spectrum is seen as in Fig. 6 . This P(E T ) distribution consists of two peaks centered at 0.5 and 0.23 eV, corresponding to CϩCO (ϭ0,1). The higher energy peak drops off abruptly at a maximum kinetic energy of 0.54Ϯ0.02 eV.
D. Ab initio calculations
Ab initio calculations were performed to better understand how the various electronic states of CCO are coupled Fig. 8 . The object of our ab initio calculations was to determine the effect of this crossing on the dissociation dynamics.
Calculations were performed using the CASSCF͑8,8͒ method with a 6-31 G* basis within the GAUSSIAN 92 suite of programs. 39 The active space consists of six ⌸ orbitals ͑1⌸, 2⌸, 3⌸͒ and two orbitals ͑7, 8͒. R CO is optimized at each R CC and the linear configuration is determined to be the minimum energy configuration for all values of R CC . The calculation predicts the crossing between the Ã 3 ⌸ state and a repulsive 3 ⌸ state to occur at R CC ϭ1.774 Å and R CO ϭ1.142 Å, which is 5.5 eV above the X 3 ⌺ Ϫ minimum for which R CC ϭ1.388 Å and R CO ϭ1.149 Å.
At this level of calculation, the term value for the Ã 3 ⌸ state is 1.617 eV, while the experimental value is 1.445 eV. 12 Also, the calculated sum of R CC and R CO is 2.54 Å for the X 3 ⌺ Ϫ state and 2.45 Å for the Ã 3 ⌸ state, both of which lie close to the experimental values of 2.52 and 2.45 Å, respectively. 9 The diabatic crossing occurs well above the onset of dissociation in the PFY spectrum (ϳ2.4 eV). The energy of this crossing may be too high because of the limited accuracy of the calculation. Moreover, the two adiabatic curves repel each other in the crossing region, so that the effective barrier to dissociation of the Ã 3 ⌸ along the lower adiabatic will be somewhat less than the energy of the diabatic crossing point. Nonetheless, the calculations certainly suggest that dissociation of the Ã 3 ⌸ in the energy range probed by our experiment does not occur by coupling to the repulsive Ũ 3 ⌸ state. The dissociation mechanism is discussed further in Sec. V.
IV. ANALYSIS
In this section, we analyze the resonances in the photofragment yield spectrum for the Ã 3 ⌸ -X 3 ⌺ Ϫ band of CCO and discuss the energetics of CCO radical dissociation.
A. Photofragment yield spectrum
Previous LIF and absorption studies of the CCO Ã 3 ⌸ -X 3 ⌺ Ϫ transition 9, 10, 12, 15, 16 have yielded an accurate set of spectroscopic constants for the lower vibrational levels of the Ã 3 ⌸ state, including vibrational frequencies for the 1 ͑C-O stretch͒, 2 ͑CCO bend͒, and 3 ͑C-C stretch͒ modes, anharmonicities for the 1 40 We can use these constants to predict the location of the higher-lying vibrational levels, and thus as- sign most of the features seen in the PFY spectrum in Fig. 4 . The predicted energies and assignments of the PFY resonances are listed in Table III . Peak H, the most prominent peak, centered at 19 698 cm
Ϫ1
, is assigned to the 1 0 4 transition. This peak is actually a triplet split by 35 cm Ϫ1 corresponding to the three spin-orbit components of the Ã 3 ⌸ state. This splitting agrees well with that seen for several of the lower-lying levels. 9, 12, 15, 16 Transitions involving the other two modes also contribute to the PFY spectrum. Although this is a linear-to-linear transition, the bending mode is active due to the large difference of bending frequency in the X (379.53 cm Ϫ1 ) 14 and Ã (594.75 cm Ϫ1 ) 15 states and strong
Renner-Teller coupling in the Ã state. 15, 16 Some of the assignments are ambiguous, especially those involving the bending mode. These problems arise in part because of a 2:1 Fermi resonance between the 2 and 3 modes ͑see Table II͒ as noted in previous studies. 9, 10, 16 Nonetheless the agreement between the experimental and predicted energies is generally reasonable, supporting the assignments in Table III .
B. Translational energy distributions

CCO thermochemistry
The P(E T ) distributions in Figs. 6 and 7 yield information on the CCO dissociation energy and the partitioning of excess energy among the product degrees of freedom. Energy conservation dictates that
where E INT ͑CCO͒ is the initial energy of the CCO, E INT ͑CϩCO͒ is the product internal energy, and E T (CϩCO) is the product translational energy. At the maximum allowed kinetic energy, E Tmax , E INT ͑CϩCO͒ϭ0. The bond dissociation energy can therefore be determined from the P(E T ) distribution provided that the value of E Tmax is clear.
shown in Fig. 6 is obtained at h diss ϭ19 660 cm Ϫ1 ͑2.44
eV͒. The spectrum drops off abruptly on the high energy side of the peak maximum at 0.15 eV; no signal is seen beyond E T ϭ0.20Ϯ0.02 eV, and this is taken to be E Tmax . Although no rotational structure is resolved in the PFY spectrum of CCO, we estimate a rotational temperature of 35 K from our previous study of HCCO photodissociation, 41 so ͗E INT ͑CCO͒͘Ϸ0.002 eV. Thus the bond dissociation energy for C-CO is determined: D 0 ͑C-CO͒ϭ2.24Ϯ0.02 eV (51.7 Ϯ0.5 kcal/mol) at 0 K. The P(E T ) distribution in Fig. 7 is obtained from excitation of the c 1 ⌸ -ã 1 ⌬ vibrational band origin at h diss ϭ2.128 eV (17 170 cm   Ϫ1 ). The abrupt drop-off in the higher energy peak yields E Tmax ϭ0.54Ϯ0.02 eV. For this band, E INT ͑CCO͒ includes the term energy for the ã 1 ⌬ state, 0.653Ϯ0.017 eV. We then obtain a bond dissociation energy for C-CO, D 0 (C-CO)ϭ2.24Ϯ0.03 eV (51.7 Ϯ0.7 kcal/mol) at 0 K. This value is in excellent agreement with that obtained from Fig. 6 , supporting our selection of E Tmax in both cases. The uncertainty in D 0 (C-CO) is slightly higher when derived from the data in Fig. 7 because of the uncertainty in the electronic term value of the ã 1 ⌬ state.
Based on our value of D(C-CO), no dissociation signal should be observed at excitation energies below 18 065 cm
Ϫ1
. However, peaks A and B in the PFY spectrum, Fig. 4 , lie below this energy. While these could be hot band transitions, Table III shows that they can be assigned to transitions originating from the ͑000͒ level of the X 3 ⌺ Ϫ state. It is possible that they arise from resonant two-photon excitation via the intermediate Ã 3 ⌸ levels listed in Table III . Unfortunately the dissociation signal at these energies was too low to permit measurement of the translational energy distributions.
The heat of formation of CCO is determined from the bond dissociation energy and heats of formation of C͓⌬H f ,0 0 (C)ϭ7. 23 This is in good agreement with our value.
Product energy distributions
From the bond dissociation energy determined above, the single peak seen in the P(E T ) spectrum in Fig. 6 corresponds entirely to CϩCO(vϭ0); CϩCO(vϭ1) products are not energetically accessible. The width of the peak in this spectrum therefore indicates the extent of rotational excitation in the CO fragment. We find that f R ϭ0.25, where f R is the fraction of available energy appearing as product rotation. In Fig. 7 , however, E INT ͑CCO͒ is sufficiently large so that the CϩCO(vϭ1) state is energetically accessible. This is the origin of the lower energy peak centered at 0.23 eV. Roughly 40% of the CO product is in the vϭ1 state. We also observe broad features to the low energy side of each peak, which correspond to the rotational excitation of CO product. The overall partitioning of available energy among product translation, vibration, and rotation is f T ϭ0.6, f v ϭ0.2, and f R ϭ0.2, respectively.
It is useful to compare the experimental distributions with those obtained from simple statistical models. Shown in Fig. 6 along with the experimental data are the translational energy distributions expected for a prior distribution ͑᭡͒ 43 and from phase space theory ͑PST͒ ͑͒. [44] [45] [46] The prior and PST distributions are calculated using Eqs. ͑4͒ and ͑5͒, respectively
where J CO and J CCO are the angular momenta of CO and CCO, B is the rotational constant of CO fragment, and P Bolt (J CCO ) is the Boltzmann distribution assuming T rot ϭ35 K. In Eq. ͑5͒, JЈϭJ CCO when J CO уJ CCO and JЈ ϭJ CO when J CO ϽJ CCO . Both statistical models predict a considerably broader rotational distribution with more rotational excitation of the CO than is observed experimentally. We have also calculated the prior distribution expected for the singlet-singlet transition in Fig. 7 . This predicts 26% of the CO product to be in vϭ1, with the overall energy partitioning given by f T ϭ0.52, f v ϭ0.13, and f R ϭ0. 35 . The experimental distribution shows more CO vibrational excitation and less rotational excitation. It therefore appears that neither of the experimental P(E T ) distributions can be reproduced by statistical models. This is discussed further in the next section.
V. DISCUSSION
In this section we consider the dissociation mechanism subsequent to excitation of the Ã 3 ⌸ and c 1 ⌸ states. The PFY spectra in Figs. 4 and 5 are structured, indicating that excitation in each case is to a bound state that undergoes predissociation. As discussed in Sec. III D and displayed in Fig. 8 , the Ã 3 ⌸ state correlates diabatically to excited C( 3 P)ϩCO( 3 ⌸) products that lie well above the excitation energies in this study. In order to undergo dissociation to C( 3 P)ϩCO( 1 ⌺ ϩ ) products, the Ã 3 ⌸ state must decay either by coupling to the repulsive Ũ 3 ⌸ state, or by internal conversion to the ground X 3 ⌺ Ϫ state. The PFY spectrum and P(E T ) distribution in Fig. 6 shows that the onset for dissociation from the Ã 3 ⌸ state occurs at or just above the C-CO bond dissociation energy. Given the high energy of the crossing point between the Ũ 3 ⌸ and Ã 3 ⌸ states, it is unlikely that predissociation via the repulsive Ũ 3 ⌸ state would occur so close to the thermodynamic threshold for dissociation. On the other hand, if there were no barrier along the reaction coordinate for dissociation of the X 3 ⌺ Ϫ state, internal conversion to this state would lead to dissociation as soon as the bond dissociation energy is exceeded. This therefore appears to be the dissociation mechanism for the Ã 3 ⌸ state. In Fig. 6 , both statistical distributions result in considerably more CO rotational excitation than is seen experimentally, indicating that dissociation on the ground state following internal conversion is nonstatistical in nature. This is qualitatively consistent with the relatively shallow well and small number of vibrational modes, both of which might be expected to lead to very rapid dissociation. More quantitatively, one does not expect statistical dissociation unless the RRKM ͑Rice-Ramsperger-Kassel-Marcus͒ dissociation rate is considerably less than the characteristic vibrational frequencies; this condition allows intra-vibrational relaxation ͑IVR͒ to occur prior to dissociation. 47 The RRKM dissociation rate is given by
where . Under these circumstances it is not surprising that a nonstatistical product energy distribution is observed.
We next consider dissociation of the c 1 ⌸ state. Only the C( 3 P)ϩCO( 1 ⌺ ϩ ) channel is energetically accessible, so
